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Abstract 
Digital simulation is becoming an essential tool for engineering complex industrial projects due to its rapid implementation and low cost, when 
compared with in situ experiments. Paradoxically, it is little used in the blasting industry, despite its origin dating back to the Manhattan project, 
with the modelling of the nuclear detonation process.  
Taming such a fiery customer as explosives and being freed of the complexity of the rock, this is what the digital simulation of a blast has to offer 
operators. With the help of case studies, we can explore the direct benefits for the operator on his site; both from economic and safety as well as 
environmental standpoints. The present paper also provides an update of previous simulation techniques for blasts, the state of the art of 
technology with more recent methods, as well as expected future developments. 
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1. Digital simulation and empiricism 
The trial and error process has been a factor of progress since time immemorial. The mining world jumped at this empirical tool
very early on to test a multitude of loading configurations and initiation sequences, on the basis of a multitude of drilling patterns. 
Today we know that blasting brings into dynamic interaction complex detonic, mechanical, thermodynamic and ballistic 
phenomena, to mention just the most obvious. This intrinsic complexity, as well as productivity demands and safety or environment
protection constraints, surrounding the mining industry in the 21st century, not to mention the present recession, ferocious 
competition between producers, as well as the necessity of maintaining a constant quality of the ore mined, required by the 
transformation streams, make recourse to field experiments harder and harder or even impossible.  In fine, the latter would enable 
an improvement in price competitivity and its product compared with its competitors. 
Digital simulation (or digital experiments) offers a computer reproduction of a complex physical phenomenon whose evolution 
we wish to study.  Hence digital simulation has enabled us to reap the benefits of the trial and error process, whilst integrating
progress made in terms of the knowledge of the physical phenomena, thanks to the increase in calculation capabilities of computers.
The phenomena could not have been studied using traditional experimental techniques. 
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Figure 1 - Diagram of a holistic view of the interaction of the physical phenomena involved in a blast [7]
Simulation tools have been on the mining market since the mid 2000s.  Several conceptual and technological approaches were 
in opposition from the start, even if, today, the purely deterministic view of simulation seems to show its limits in the mining
industry more so than elsewhere. 
2. Different approaches to the digital simulation of blasts 
2.1. The pioneers of the digital simulation of blasts 
Although the Manhattan project, aiming at modelling the nuclear detonation process, dates back to the Second World War, we 
had to wait until the mid 1990s for research workers to become interested in the potential of digital simulation to predict the
interaction between rock and explosives.  To begin with, digital simulations attempted to model the interaction of well-known 
phenomena or materials (the effect of a shell on armour plating, a bomb on buildings, air on an aircraft's wing, etc.), so the 
deterministic approach naturally dominated.  When it is a question of dealing with blasting issues, the unknown features of the
rock led to a fundamental difference in the approach among the pioneers in the field.  
Katsabanis & Liu, Favreau, Preece and Chung, Dare-Bryan, Wade & Randall chose to capitalise on the assets of deterministic 
approaches from closely related industries.  In Europe, Bernard explored another avenue, based on his university research carried
out at the beginning of the 1990s [1], and developed a so-called holistic simulation and forecasting model, capitalising on 
deterministic theories (cf. supra 2.1).  Considering that the time to resolve deterministic equations is decorrelated from the industrial 
time, he proposed a pragmatic approach making a summary of the deterministic principles, enabling perfectly identified, and well-
known causations to function together (e.g. Newton's physics), in order to meet the present challenges and needs of the sector here
and now.  
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Figure 2 - Example of a holistic type software screen developed by Bernard, I-Blast 
2.2. The deterministic approach to the digital simulation of blasts 
Provided that we have an accurate knowledge of the structure and characteristics of the elements that we want to interact, the 
chief challenge with simulation is to endeavour to imitate reality as closely as possible, by accurately reproducing each of its
mechanisms.  
Exhaustively simulating the sequence of all the causes and effects induced by blasting is a challenge that the most sophisticated 
models have been unable to meet, despite the increasing computing power available for civilians and industry.  Far from hiding 
the unfinished nature of their simulation, the developers of these software programmes emphasize the impossibility of accurately
reproducing natural mechanisms, in particular due to their complexity. 
An accurate and complete reproduction of the natural mechanisms coming into play would not only suppose taking into account 
the physical and chemical characteristics of the explosive, the drilling pattern of the blast, the position of the holes in space, and of 
course the initiation sequence, but also a very wide knowledge of the geology and the geo-mechanical properties of each of the 
elementary particles of rock, which is unattainable in the present state of science and techniques. 
Besides, astrophysics has encountered the same limits.  The complexity of cosmic phenomena has led astrophysicians to use 
digital simulation for fifty years.  The majority of the astrophysical phenomena today are governed by a corpus of physical laws
with no analytical solution.  Therefore, digital calculations are used to provide an approximate expression for the solution but the 
physical mechanisms that come to play become too expensive in terms of computing time, leading to the necessity of finding new 
approaches.  Now, we know since Newton that the laws of physics that govern the heavens and the earth are the same. 
The holistic approach to the phenomena involved in blasting enables us to avoid the deterministic stumbling block, by accepting
the principle that we are simulating the effect of a known product, the explosive, on an environment that is only partly and 
imperfectly known, rock. 
It is of interest to note that the debate raging in the world of the digital simulation of blasts has already taken place within
fundamental physics and that decisive objections contradict some of the basic principles of the deterministic theories. 
2.3. The objection of modern physics: causation does not imply predictability 
Paul Henri Thiry d'Holbach, in Le Système de la nature [2], in the 18th century gave a colourful description of deterministic 
subjectiveness. "In a whirl of dust created by a violent wind, although it appears a little confused to us, in the worst storm 
exacerbated by winds blowing in opposite directions, whipping up waves, not one molecule of dust or water was positioned by 
chance, its position is obviously the result of one sufficient cause and the molecule acted absolutely as it should.  A surveyor who 
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knew the forces accurately coming into play in both of these cases, and the properties of the molecules moved, would be able to
prove that according to the causes given, each molecule acts exactly as it should and cannot move in another manner than it does".
After having governed XIXth century science, the hypothesis of universal determinism was questioned by modern physics of 
the XXth century, in particular by the theory of chaos, the notion of dissipative structure and quantic physics, describing the
behaviour of particles and radiation, without giving an insight into their intrinsic characteristics.  Without it even being necessary 
to mention Heisenberg's [3] principle of uncertainty, Poincaré and Hadamard's [4] work demonstrated the limits of the principle of 
causation and the advantage of a non deterministic approach.  In 1908, Poincaré wrote "You are asking me to predict phenomena 
that will occur.  If, unfortunately, I knew the laws governing these phenomena, I could only succeed thanks to inextricable 
calculations and I would have to give up providing an answer, but as I am lucky enough to be ignorant of them, I can answer 
straight away, and what is most extraordinary is that my answer would be correct [5]. 
The theory of chaos specifies that almost identical causes can in general produce completely diverging effects, and as such, are
far removed from the principle of causation.  This is the case for meteorological forecasts. 
The forecast of favourable periods for crops, the reproduction of cattle, or floods have enabled great agricultural civilisations to 
claim their supremacy.  Although observation and measurement techniques are now more sophisticated, they nevertheless often 
revealed their limits due to nature's whims, thus checking that causation fails to imply predictability. 
The approach that is finally and incorrectly qualified as being non-deterministic, ("holistic" would therefore be the preferred
description), is far from being as schismatic as it at first appears.  Whilst correcting them, by integrating the objections of modern 
physics, its roots are in the past, capitalising on the assets of empiricism and deterministic theories.  The accuracy of the 
calculation's "raw material" is indeed crucial.  Moreover, this is the contribution of the theory of deterministic chaos.  Holistic 
simulation tools must be based on the most reliable and comprehensive measurements possible. 
Figure 3 - Example of a logic diagram summarising a standard measurement protocol 
Although it is a modern summary of determinism, the holistic approach to the phenomena nevertheless continues to be 
controversial in the 21st century, from the standpoint of the upholders of determinism or the resulting schools of thought.  The
controversy is even more bitter, because their arguments can be considered as being reasonable from a strictly scientific standpoint.  
Nevertheless, industry tends to prefer real profits based on documented results rather than quarrels among experts. 
Many examples, starting with the historical debate about the earth being round, or more recently, the possibility of a car 
exceeding 100 km per hour, show that scientific orthodoxy has sometimes confused conservatism with proven truths. 
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3. What can we expect from the digital simulation of blasts? 
What can we simulate with contemporary simulation tools, and above all, what influence can that have on mining, and the 
production and economic balance of a site or a mining group?  These are the questions for which the industry would like answers.
If we return to the analogy of meteorology, the most sophisticated software in the field enables us to carry out digital iterative 
trials and errors, so that we do not simply announce a wet weather front.  The idea is to provide the user with solutions to protect
himself, and this is where the analogy stops, to provide him with the configuration that will make sure there is no rain. 
3.1. A level of forecasting with an unprecedented reliability 
When based on accurate site data, holistic digital simulation today allows us to obtain a true and accurate simulation of the 
vibratory waves created by the explosive and their interactions, which are in particular the fruit of the initiation sequence, without, 
by definition, having to calculate the impact of each element of causation.  Having said this, we obtain both a reliable prediction 
of the vibratory nuisance associated with the blast, but also a reasonably accurate forecast of their effects on fragmentation.
In the field of vibrations, in a recent article [6] we can read about the deviation between the levels of vibration simulated via 
software with the I-Blast holistic approach, and the levels measured in 2010 for 574 blasts shot in over 35 different mining or
quarry sites in the United States.  Although they are quite ill-assorted in terms of configuration, the average blast has about 3 decks 
of 10 holes, with a diameter of 165mm, and a depth of 15 to 20 metres, with a charge per hole of approximately 250 kg.  In 50% 
of the cases, the simulated/measured deviation was less than 10%, without the need for any calibration. Regarding the other 50%,
it should be noted that for 28% of the blasts, the simulated results were optimistic, while they were pessimistic in 22% of the cases.  
This deviation, be it optimistic or pessimistic is described as evolving in the same manner and the same proportion from one blast
to another, for a given site. Once this figure is known, the engineer can use it as a calibration factor for that site. 
Figure 4 - Example of a simulation of the levels of vibration created by a blast near an urban area (I-Blast screenshot) 
These data are particularly interesting because they show both the accuracy that can be expected from the most up-to-date 
software, as well as demonstrating the importance of being able to accurately adapt to the characteristics, in particularly the
geological features of the site, provided that the model is capable of this. So that is both coherent and reassuring: simulation is not 
an abstraction.  It must remain completely endogenous to the environment simulated.  
In the field of fragmentation, interesting and significant simulated/measured deviations have also been published [7].  These 
fragmentation measurements, made in a very large Chilean copper mine, in 2006, were obtained thanks to the use of 
photogrammetric analysis techniques and extensive recourse to sifting three blasts with a total of over one million tons. 
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Figure 5 - View of blast n°1 
The simulation of blast n°1 undertaken a posteriori shows a maximum deviation of 16% between the measured and simulated 
size distribution curves.  Calibration, the importance of which has already been underlined regarding vibrations, was carried out 
based on the first blast and enabled us to obtain simulations whose accuracy was in excess of 90% for each of the size distribution 
classes, in particular from blast n°3 onwards.
(a)
                                    (b) 
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(c)
Figure 6 –Measured (dotted line) and simulated (solid line) size distribution for blasts n°1 (a), 2 (b) and 3 (c) 
Comparable results were attained during a series of 65 blasts in a limestone quarry in the south of Europe, with a total of over
one million tons. 87% of the blasts showed a deviation of less than 15% between the maximum simulated and measured casting 
distance, whilst 100% of the blasts of the same series had a simulated/measured deviation of less than 10% for the 800mm passing
size percentage (and 88% with a deviation of less than 5%). 
Figure 7 - Deviations measured (dotted line) and simulated (solid line) of the casting distances in metres for 65 blasts (limestone quarry in the south of Europe, 
2011-2012) 
The latter example shows the efficiency of the multi-phenomena simulation tools, in this case (for casts and fragmentation) 
which enables us to get closer and closer to the overall reality of blasting. 
The slight deviations between simulation and measurements show that digital simulation can advantageously replace the 
empirical method of trial and error.  The heavily iterative nature of the process means that the ergonomics of the software are a 
key factor in the success and productivity of the mining engineer.  Simply forecasting the seismic levels of a blast, even very
accurately, is indeed little used by mining engineers, if the software fails to allow multiple configurations to be simulated which 
will enable them to be minimised.  
The most recent research in terms of man-machine interface, and ergonomics has enabled leading partners to make attractive 
digital tools available for professionals, equipped with user-friendly interfaces, offering easy and efficient browsing. 
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3.2. A tool to help with decision-making: from simulation to optimisation 
The reason for consulting a weather forecast, is less for the rain it foresees than for the opportunity it provides of protecting
oneself.  Here, the decision made based on the forecast is simple, i.e. take a raincoat, an umbrella or go to work by car.  In the field 
of blasting, things are often different, with the result that the reliability of the forecast ("see before", etymologically) or the 
prediction ("say before") is not sufficient, and it must include tools to help with decision-making. 
Hence, software that only showed the distribution of energy around the hole would be of little use to the final user.  However,
a tool enabling the blasting parameters to be adjusted would be strategic, with the aim of optimising the explosive energy used for 
the blast, and hence its cost, in order to enable it to attain the aim of moving the rock in question.  Present technology enables the 
useful energy to be optimised within a blast, that is to say the quantity of energy that will be really involved in the fragmentation 
and movement process of the rock (casting). A contrario, it enables parameters to be found that will minimise the loss of energy
contained in the blast, which would reveal itself in the form of the stemming ejection and fly rock (safety challenge for persons
and property), or environmental damage (financial challenges). 
The results already mentioned (cf. infra 3.1 [7]) in terms of the prediction of the vibration levels were obtained thanks to 
simulation software with a decision-making functionality, enabling the configurations to be found, in particular connected with the 
initiation sequence, which may reduce the level of vibrations.  The study shows that for 82% of the 574 blasts, the level of vibration 
can be significantly reduced compared with those recorded during traditional sequences: in 69% of the cases the levels thus 
decreased by 30%. In 13% of the cases, this reduction even reached 70%; the remaining 18% included cases where the impact of 
the new sequence was negligible or nil, without however, it ever being prejudicial. 
Figure 8 - Optimisation of the initiation time between rows, based on signals from a deconvolution (source : John Babcock) 
The European quarry sector had already made the most of the first developments of this technology, because in 2003 an article 
was published demonstrating that the Lafarge cement group had the vibration levels at one of its sites divided in two, in six months, 
thanks to simulation, the optimisation of the sequences on this basis and adhering to them thanks to the introduction of electronic 
detonators [8].  The study was for 600 blasts.  
The very reliable nature of the forecasts of levels (standard deviation reduced by 66% - cf. dotted lines on Figure 9) enabled 
operations to continue smoothly and profitably.  Complaints from residents, that were systematic at the beginning of the period,
directly questioning the continuity of one of the leading sites of the group, were thus reduced to practically nil. 
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Figure 9 - Summary of the results obtained in terms of vibration for 600 blasts 
In view of the examples below, based on the quarry world, we could be led into thinking that the performance of the simulation 
results could be directly linked to the low number of charges or the uniformity of the loading of the holes (cf. 3.1, in particular).  
In short, would in particular holistic digital simulation, be capable of efficiently forecasting only the results of small standard 
blasts? 
The fast growing sector of Canadian gold mines, more and more frequently uses digital simulation, in particular due to the 
considerable tightening of environmental legislation as well as the development and organisation of residents groups (NIMBY 
phenomenon, Anglo-Saxon acronym for the expression "Not In My Backyard").  These gold mines, be they underground or open-
pit, blast very high volumes, relatively close to housing.  Therefore, it is not unusual for a Canadian group mining gold to request 
a simulation for blasts with several thousand charges, each hole having a different loading (5, 8 or 10 decked charges of 70 to 150 
kg of explosives), and a different depth and angle.  The idea is to reliably forecast the nuisances associated with these complex,
large blasts, on housing a few hundred metres away. 
Figure 10 - Example of a simulation carried out for a large blast with 5 to 10 decked charges per hole (I-Blast screen) 
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In the press there are records of several recent blasts of this type for which the simulation was decisive in obtaining the necessary 
administrative authorisations.  Deviations of 12 to 15% were reported between the simulated values and those measured, which 
has enabled the mining groups to continue blasting despite the administration being increasingly attentive to arguments from 
residents groups. 
One of the major advantages of the holistic approach is in fact to conceptually and functionally allow the opening of a "reverse
path", i.e. provide input parameters to reach an operational target, in terms, for example, of the level of vibration.  
John Babcock's story - he was then a mining expert with STS in the United States - is surprising. The challenge was to drastically 
reduce the vibration level in a quarry in Virginia.  All the blasts exceeded 9 in/s and the site was operating in an area with a high 
voltage overhead power line 150 feet away (about 45 m). The objective set by the operator was 2 inch/s at the power line, yet no
signature holes were allowed.  They would have been useful to accurately characterise the reaction of the rock in this area of the 
site (measurement of the speed of the p waves in the rock).  
John explains what he did: I took one of their blasts from two years ago with electronic detonators and a seismic waveform 
recorded at the power lines. I entered all the data the quarry could provide in the software. I “de-convoluted” the signal, with the 
help of the corresponding I-Blast module. I shot the next shot using the derived signature as well as the optimised sequence provided 
by I-Blast [6].  John's opinion of the result is worth mentioning here as it was written. "The derived signature waveform was picture 
PERFECT – I was blown away by how good it looked (AWESOME). I timed the next shot (which was the closest yet) based on 
the simulation, and I got a 50% reduction at double my Hertz. So, I won’t be doing a signature hole at that quarry which saves me 
a lot of time and work" [6]. 
In fact, the first blast enabled the level of vibration to be reduced by 50%, from 9.0 in/s to 4.6 in/s. The second blast enabled the 
level previously obtained to be again divided by two, thanks to the detonation times calculated by the software.  The vibrations
created by the blasts now systematically adhere to the aim of 2.00 in/s, i.e. a reduction of 75% of the levels, without having to work 
from the results of signature holes. 
4. The futures of the digital simulation of blasts 
Although both approaches for the digital simulation of blasts will probably continue to coexist for a while, the availability and
demonstrated performance of the holistic tools have, as we have seen, enabled the latter to progress very rapidly throughout the
market.  The mining industry needs simulation tools here and now, whose philosophy, operation and ergonomics are compatible 
with site reality and the mining industry. 
4.1. The near future of the digital simulation of blasts 
The latest generations of tools available already give a glimpse of a few tendencies for the future.  Developers are making the
most of the ever-increasing computing power of mainstream computers (multi-core processors) and the power of graphic interfaces
(3D).  
The accuracy achieved in simulating fly rock (cf. infra 3.1), from which some mines employing casting techniques and/or certain
sites mining phosphate (China, and Brazil, in particular) benefit, today encourage holistic model developers to provide the industry 
with the means of predicting with equal accuracy, both the ejection distance, and the 3-dimensional (3D) shape of the muck pile
of the whole blast.  Here we are not considering the use of 3D as a simple media for graphic representation, but for the three-
dimensional simulation of the physical phenomena involved. 
4.2. Training: the distant future of the digital simulation of blasts 
Training mining engineers to use the tools available on the market, is one of the main barriers preventing the mining industry 
from benefiting from modern forecasting and optimisation technology for blasting today. This is a major challenge for our industry 
in the 21st century. The technology has proven results but paradoxically sits on the mines' doorstep, hindered by human factors.  
Software developers must progress towards ergonomics that are always closer to job-practices mastered by the professionals of 
the sector. Mining groups must also make an effort to invest, in particular to enable engineers to conceptually and physically be
proficient in these future tools, that will allow them to generate higher operating profit margins.  Here we talk about the "distant
future" because this condition is so essential, even compulsory first, in the massive spreading of software licences. In addition to 
using the software, which in the end is of secondary importance, the necessary training includes a command of concepts of critical
importance (destructives interference, the deconvolution of the signal of a blast, calibration, etc.), as well as the methodology
enabling reliable input data to be collected, without which the best software on the market could not provide valid results.  
Conclusion 
After more than 20 years of changes in developments, the digital simulation of blasts is now mature and provides direct benefits
that are both important and quantifiable.  The following are concerned: 
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x Mines or quarries that want to simulate fly rock, the casting distance and the shape of the muck pile. For blasts in quarries 
with about 50 holes (16 to 18 000 tons), the deviation between the simulation of the maximum casting distances is not in 
excess of 15%.  Study cases show that forecasting distances and muck pile shapes that are the result of casting blasts, have 
results that are at least comparable, thus enabling them to increase their productivity and preserve safety. 
x Mines or quarries that want to have an accurate percentage of fragments for a given size distribution class.  In large open-
pit mines, for blasts with 300 to 400 holes, each representing about 300 000 tons of muck pile, the forecast of the whole 
fragmentation distribution of the blast offers an accuracy of 84 to 90% according to whether the model was previously 
calibrated or not, whatever the size spectrum.  This technology therefore contributes to optimising their loading and hauling 
as well as their crushing equipment.
x Mines or quarries that want to keep the vibration level compatible with legislation, their operating permit and/or the comfort 
and vibrations detected by residents.  In the field of quarries, for blasts with approximately 30 holes with a diameter of 165 mm, 
the accuracy of the vibration simulation attains 90%; model calibration is necessary in about 50% of the cases. Decision-
making tools integrated in the most up-to-date simulation software enable the vibration levels to be reduced by 30 to 75%
according to the sites and the configurations, whether or not the blasts used electronic detonators.  In the case of very large
mines, operating a few hundred metres from inhabited areas, thanks to surface or underground blasts using 1000 to 3000 
detonators, spread out over 5, 7 or even 10 decked charges, of 70 to 150kg of explosives, in holes whose depth, angle and 
drilling pattern systematically vary, we obtain deviations between the simulated and measured vibration levels of around 
12 to 15%.  The reliability of the forecasts and the results in terms of the reduction in nuisances guarantee that these sites 
obtain their blasting and operating authorisations and offer a smooth and profitable mining of the deposit. 
The degree of accuracy reached in forecasting levels of vibration, the size distribution curves, casting distances and the shape
of the muck pile is quite sufficient and acceptable in the context of a mine or a quarry, to be decisive in reaching the operational 
and financial objectives of the site and guaranteeing its continuity.  Simultaneously, we know that the accuracy of the forecasts
will continue to improve thanks to future developments, in particular for three-dimensional and multi-phenomena simulation, and
the ever-increasing computing power of mainstream computers, along with a better training of staff (command of concepts, quality
of the input data). 
Thanks to the addition of decision-making tools, the latest generations of digital simulation software for blasting are a great
help to mining operations enabling them to improve their profitability and meet the contemporary and future challenges of safety
and environmental compliance. 
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